The main purpose of the present work was to study the adsorption of some transition metal ions from aqueous solution via a novel porous material obtained from Bulgarian lignite (Chukurovo deposit) and its oxidized modifications. The adsorption of Cu(II), Fe(III), Cr(III) and Au(III) ions was investigated using batch methods to study solutions with different concentrations and acidities. It was found that the adsorption process was affected significantly by the pH value of the aqueous solution. Treatment of the equilibrium data using the linear Langmuir, Freundlich and Dubinin-Radushkevich models allowed the maximum adsorption capacities to be calculated. The uptake of Au(III) ions was almost 100% for the three adsorbents investigated, being greater than 300 mg/ᐉ and independent of the pH over the pH range studied. The initial activated carbon proved to be the most suitable for the selective adsorption of Au(III) ions from aqueous solutions in the presence of other transition metal ions, while its oxidized modification Ch-P exhibited an enhanced adsorption efficiency towards transition metals.
INTRODUCTION
High concentrations of heavy metal ions in surface water are generally associated with the disposal of industrial wastes. Metal ion-containing industrial effluents constitute a major source of metallic pollution of the hydrosphere. These metal ions are of special concern because they are non-degradable and therefore persistent (Prasad et al. 2008) .
Numerous techniques and treatment technologies have been developed for the clean-up of waters contaminated with metal ions. Traditional methods for water purification such as chemical precipitation, coagulation, ion-exchange and membrane processes are either too expensive or do not allow the metal ion content to be reduced to levels dictated by increasingly stringent regulations. Methods based on physical and chemical sorption have recently found wide application and most studies are concentrated on searching for more effective and low-cost adsorbents (Ünlü and Ersoz 2006; Dubey and Gopal 2007; Sud et al. 2008) . Many raw materials may be employed for the production of activated carbons. Both coal-based carbons and those obtained from agricultural waste have proved to be of equal importance as far their application is concerned. Thanks to their highly developed porous structures and large specific surface areas, they exhibit considerable adsorption capacities towards various organic and inorganic pollutants (Samra 2000; Mohan and Chander 2001; Hanzlik et al. 2004; Kadirvelu et al. 2008; Ghosh 2009; Ozcimen and Ersoy-Mericboyu 2009; Ghazy and El-Morsy 2009; Oluyemi et al. 2009; Kriaa et al. 2010 ).
However, without suitable surface treatment, the adsorption capacities exhibited by activated carbons towards metal ions from aqueous solution range from either fair to none at all, due to the fact that such ions usually exist in solution either in the hydrated form or as hydrated ionic complexes. Metal ion uptake is assumed to be a function of the polar or acidic surface groups on the carbon adsorbent, caused by the existence of different oxygen complexes (El-Hendawy 2003) . Oxygen surface groups are very common in activated carbons and they may be easily introduced by oxidation with nitric acid, hydrogen peroxide, potassium permanganate, ammonium persulphate, air, etc. A particular treatment will modify both the pore structure and the chemical nature of the surface of an activated carbon, the extent of the modification being a function of both the structure of the carbon and the oxidation treatment employed (Molina-Sabio et al. 1991) . It is commonly known that the oxidation of activated carbons can significantly enhance the adsorption capacity of these adsorbents by improving their ion-exchange properties. The oxidation of activated carbons leads to the formation of various functional groups such as carboxy, phenolic, carbonyl, etc. on the surface (Pradhan and Sandle 1999; Saha et al. 2001; Strelko Jr. and Malik 2002) . Thus, the modification of the surface chemistry of activated carbons is viewed as being an attractive route towards the novel application of these materials as adsorbents for both gas-phase and liquid-phase adsorbates, as well as for their use as catalyst supports.
The aim of the work described in the present paper was to study the adsorption of some transition metal ions from aqueous solution onto a novel porous material obtained from Bulgarian lignite (Chukurovo deposit) and its oxidized modifications.
EXPERIMENTAL
The initial activated carbon (denoted as Ch) was obtained by the one-step steam pyrolysis-activation of Bulgarian lignite from the Chukurovo deposit at 923 K (Petrov et al. 1994) . A 0.70-1.25 mm fraction was used in the present study. Modified activated carbons were obtained from Ch samples by oxidation employing the following routes:
-modified activated carbon denoted as Ch-N (treated with 65% nitric acid); -modified activated carbon denoted as Ch-P (treated with 30% hydrogen peroxide).
The oxidation procedures employed have been described in detail previously ).
Characterization of the surfaces and the porous textures of the samples was carried out by nitrogen adsorption methods at 77.4 K using a conventional volumetric apparatus. The nitrogen adsorption/desorption isotherms were used for determining the following parameters: the specific surface area, A BET (according to the BET equation); the external surface area, A EXT (calculated from the V a versus n plots (Lecloux and Pirard 1979); the total pore volume, V t (calculated from the nitrogen uptake at a relative pressure of 0.95); the micropore volume, V MI , and the specific mesopore surface area, A MES (according to the t/F method); the mesopore volume, V MES (determined by subtracting the total micropore volume, W 0 , from the total pore volume); the mean pore radius, r P (as the ratio of twice the total volume and A BET , assuming a cylindrical pore model); the supermicropore volume, V SMI , as the difference between the values of W 0 and V MI ; the total micropore volume, W 0 , and the half-width of the distribution curve maximum (x 0 ), according to the simplified equation (Mehandjiev et al. 1994) .
The chemical nature of the carbon surfaces was characterized by determining the nature of the surface oxygen groups and the point of zero charge (PZC). The amount of oxygen-containing functional groups on the surface with increasing acidity was determined by Boehm's titration method (Boehm 2002) using solutions of increasing basicity (0.1 N NaHCO 3 , 1 N Na 2 CO 3 and 1 N NaOH). The point of zero charge -termed as the pH value required for obtaining a zero net surface charge (pH PZC ) -was estimated using the mass titration method (Noh and Schwarz 1990) .
The adsorption properties of Ch, Ch-N and Ch-P with respect to Cu(II), Fe(III), Cr(III) and Au(III) ions from single-component solutions and from multi-component solutions containing all the investigated metal ions were determined by means of the batch method. Experiments were carried out using stoppered 50 mᐉ Erlenmeyer flasks containing 0.25 g activated carbon sample and 25 mᐉ of an aqueous solution of the metal ion(s) under study. The suspensions were stirred with a magnetic stirrer at 295 K. On reaching equilibrium, the adsorbent was removed by filtration through a Millipore filter (0.2 µm). The initial and equilibrium concentrations of the metal ions were determined by flame AAS on a Pye Unicam SP 192 flame atomic absorption spectrometer (U.K.).
The effect of acidity on the removal efficiency of the adsorbents studied was investigated over the pH range 1.5-5.0, employing an initial concentration of 10 mg/ᐉ for Cu(II), Cr(III) and Fe(III) ions, and of 400 mg/ᐉ for Au(III) ions. This allowed the optimal pH value for each metal ion to be established. At this optimal pH value, adsorption of the metal ion concerned is significant and no precipitation of metal hydroxide occurs. Thus, to determine the effect of the initial metal ion concentration on the adsorption capacity, the following experimental conditions were chosen:
• for Cu(II) and Cr(III) ions, initial concentrations in the range 5-50 mg/ᐉ at pH 4.5; • for Fe(III) ions, initial concentrations in the range 5-100 mg/ᐉ at pH 3.5; • for Au(III) ions, initial concentrations in the range 5-400 mg/ᐉ at pH 4.5.
Analytical grade reagents were used in all the experiments. The working solutions containing different concentrations of Cu(II), Fe(III), Cr(III) and Au(III) ions were prepared by stepwise dilution of the stock solutions (Titrisol Merck, Germany). All adsorption experiments were replicated and the average results used in data analyses.
RESULTS AND DISCUSSION

Characterization of activated carbons
The most important textural and surface parameters of the initial activated carbon Ch and the modified adsorbents prepared from the same by oxidation with HNO 3 and H 2 O 2 are presented in Table 1 .
From these data, it may be concluded that the porous structure of the initial activated carbon was of the mixed micro-/meso-porous type. It is obvious from the data listed that oxidation of the initial carbon changed both its textural parameters and the chemical nature of its surface. Various modifications of the porosity of activated carbons as a result of oxidation treatment have been reported (Molina-Sabio et al. 1991; Karanfil and Kilduff 1999; Pradhan and Sandle 1999; Strelko Jr. and Malik 2002) . Some authors observed small changes, whereas others reported degradation of the porous structure with a considerable decrease in most of the textural parameters. In the present study, the textural changes proved to be less significant than the chemical changes. The use of different oxidizing agents led to some textural parameters showing opposing changes. Thus, treatment with HNO 3 (Ch-N) led to a slight increase in the A BET , A MES , A EXT , W 0 and V SMI parameters and a substantial increase in V MI (probably due to the formation of additional micropores), while treatment with H 2 O 2 led to a decrease in the A BET , A MES , A EXT , W 0 and V SMI parameters and only a slight increase in V MI .
The results obtained by Boehm analysis clearly show that an increase in the amount of acidic groups occurred after the initial carbon was modified by oxidation. The results from acid-base neutralization explain the decrease in pH PZC values with the formation of acidic oxygen-containing surface groups during oxidation of Ch with HNO 3 and H 2 O 2 (Table 1) ; oxidation with H 2 O 2 led to the formation of larger amounts of such groups relative to oxidation with HNO 3 .
It is well known that activated carbons with acidic functional groups exhibit the best adsorption properties towards the removal of positively charged ionic species. In addition, the type of porous texture exhibited by these materials is also important. This is why every specific activated carbon requires individual research. Treatment of the initial carbon with different oxidizing agents increases the amount of oxygen-containing functional groups of an acidic character on its surface, which is expected to facilitate the adsorption of positively charged ions (Pradhan and Sandle 1999; Strelko and Malik 2002).
Effect of pH on the adsorption efficiency
The optimum time for establishing adsorption equilibrium between the activated carbon samples and aqueous solutions of metal ions with different initial concentrations was determined experimentally as 2 h. As a consequence, all subsequent adsorption studies were performed employing this equilibration time.
Since the binding of metal ions by surface functional groups is strongly dependent on the pH, the latter is an important controlling parameter in an adsorption process . The pH of the solution controls the electrostatic interactions between the adsorbent and the adsorbate. Carbon samples in aqueous solutions carry a surface charge whose magnitude is very dependent on the pH of the solution. Hence, detailed studies might explain the changes in the carbon surface charge at different pH values (Kobya et al. 2005 ; Ozcimen and Ersoy-Mericboyu 2009). It is known that increasing the pH decreases the extent of competition between the hydroxonium ions and metal ions in the solution for surface adsorption sites, thereby resulting in an increased uptake of metal ions by the activated carbon. An increase in metal ion uptake by active carbons with increasing solution pH has been reported by several authors (Reed et al. 1994; Samra 2000; Rao et al. 2008) . This trend has been also been discussed in terms of the possible hydrolysis of the adsorbate species and the formation of some surface complexes (Reed et al. 1996; Chen and Lin 2001; El-Hendawy 2003; Rao et al. 2008) . In fact, activated carbons are characterized by the presence of surface functional groups such as hydroxy and carboxy groups (Chen and Lin 2001; Rao et al. 2008) . The manner in which the metal ion uptake increases varies with individual metal ions since this is driven by the solution phase equilibria of oxide/hydroxide complexes and precipitates (Reed et al. 1994) .
The adsorption efficiencies of the adsorbents investigated in the present study as a function of the pH of the initial metal ion solutions are presented on Figure 1 . As expected, the adsorption efficiencies towards the various metal ions investigated depended strongly on the acidity of the initial solutions. As the pH values of these solutions increased, the adsorption efficiencies of the adsorbents increased relative to all the metal ions with the exception of Au(III). In fact, the adsorption efficiency of all three adsorbents towards Au(III) ions was almost 100%, irrespective of the pH value employed within the studied range. A possible explanation for this behaviour could be that Au(III) forms anionic complexes such as AuCl -4 in acidic media (pH ≤ 4) (Lakov et al. 1999 ) and that the adsorption mechanism for such ions is quite different relative to that for the adsorption of the other metal cations studied.
The above results could be explained by the changes in the carbon surface charge at different pH values. The rapid increase in the removal efficiency in the pH range 2.7-4.5 might indicate that the zero points of charge of the investigated adsorbents lay between these two values (Petrov et al. 1992) . At pH values lower than 2, the electrostatic repulsion between the positively charged carbon surface and the metal ions would provide an obstacle to their adsorption. However, as the pH value of the solution increased, a change occurred in the surface charge of the investigated adsorbents.
Effect of initial ion concentration on the adsorption efficiency
For this study, aqueous solutions with initial ion concentrations within the range 5-50 mg/ᐉ were prepared. In this concentration range, Fe(III) ions were almost completely adsorbed onto the initial activated carbon Ch, while Au(III) ions were completely adsorbed onto the three adsorbents. For this reason, the concentration ranges for Fe(III) and Au(III) ions were extended up to 100 mg/ᐉ and 400 mg/ᐉ, respectively. The dependence of the amount of ions adsorbed onto the investigated activated carbons on the initial ion concentration in the aqueous solutions is presented in Figure 2 .
In all cases, an increase in adsorption occurred as the initial concentration of the corresponding ions increased. These results indicate that adsorption sites on the adsorbent surface which are energetically less favourable become involved with increasing ion concentrations. The adsorption efficiencies of all the investigated adsorbents towards Au(III) ions was 100% at initial ion concentrations exceeding 300 mg/ᐉ, being superior to that for the other ions studied. For the studied adsorbents (oxidized and initial carbons), the amounts of ions adsorbed increased in the order: Cr(III) < Cu(II) < Fe(III) << Au(III). This sequence is determined by many factors which depend on both the ionic and adsorbent properties, as discussed above. The most significant of these factors are the ionic properties, i.e. the ionic radius, ionic potential and hydrolysis abilities, and the adsorbent properties, i.e. the textural and surface parameters.
The data listed in Table 1 show that the textural parameters of Ch-P were inferior to those of Ch-N. On the other hand, Ch-P possessed the highest number of oxygen-containing groups on its surface. Obviously, oxygen-containing groups played an important role in the adsorption of the investigated ions, since the oxidized modification Ch-P exhibited the best adsorption affinity with respect to all the ions investigated with the exception of Fe(III). This latter exception probably arises because of the hydrolysis of Fe(III) ions; this was observed when the initial carbon was used as the adsorbent since its pH PZC value was much higher relative to those of the oxidized modifications (see data listed in Table 1 ).
Adsorption isotherms
Adsorption isotherms obtained under equilibrium conditions are very important in designing adsorption systems, since such isotherms describe the distribution of adsorbed molecules between the liquid and solid phases in the equilibrium state. The experimental adsorption isotherms obtained in the present study are presented on Figure 3 . Concentration variation methods are normally used to calculate the adsorption characteristics of adsorbents and processes, with the elucidation of isotherm data by fitting them to different isotherm models being an important step in such adsorption studies. Several isotherm equations are available for evaluating experimental adsorption equilibrium data. In the present study, the experimental equilibrium data for the adsorbed metal ions onto the investigated adsorbents (the initial carbon and its oxidized 
Langmuir isotherm
The linear form of the Langmuir isotherm may be expressed by the equation: C e /Q e = 1/K L Q 0 + C e /Q 0 (1)
where C e is the concentration of metal ions in the equilibrium solution (mg/ᐉ), Q e is the amount of ions adsorbed per unit mass of adsorbent (mg/g), Q 0 is the maximum adsorption capacity (mg/g) and K L is the Langmuir constant related to the enthalpy of the process. 236 P. St. Vassileva and A.K. Detcheva/Adsorption Science & Technology Vol. 28 No. 3 2010 The essential characteristics of the Langmuir isotherm can be expressed in terms of a dimensionless constant or separation factor, R L , which is defined as:
The values of Q 0 and K L obtained from these plots are listed in Table 2 . The greatest equilibrium adsorption capacity, Q 0 , towards all the ions other than Fe(III) was obtained for the adsorbent Ch-P. The values for the Ch adsorbent varied from 2.07 mg/g for Cr(III) ions to 9.88 mg/g for Fe(III) ions. For the modified adsorbents, the values were as follows: from 2.46 mg/g [for Cu(II) ions)] to 1.67 mg/g [for Fe(III) ions] for Ch-N and from 2.01 mg/g [Fe(III) ions] to 9.56 mg/g [for Cu(II) ions] for Ch-P. Obviously, the adsorbent Ch-P proved to be the best, other than for Fe(III) ions. For the latter ions, the best performance was exhibited by the initial activated carbon. As discussed in Section 3.3 above, hydrolysis of Fe(III) ions was observed, a process which is not favourable towards adsorption onto oxidized carbons.
The Langmuir model is based on the hypothesis that the adsorbent has a uniform surface, there are no interactions between the adsorbed molecules and that the sorption process involves the formation of a single layer. According the values of the correlation coefficients r 2 , which ranged from 0.8601 to 0.9996 (see Table 2 ), the fit achieved by this model was acceptable to very good.
The Langmuir parameters can be used to predict the affinity between the adsorbate and adsorbent using the dimensionless separation factor, R L . The values of R L for the initial and oxidized carbons varied within the ranges 0.02-0.83 (for Ch), 0.11-0.95 (for Ch-N) and 0.14-0.83 (for Ch-P). All the values are within the 0-1 range, indicating favourable adsorption for all the ions investigated. In addition, the values of the separation factor demonstrate that the initial and oxidized activated carbons are potential adsorbents for the removal of Cu(II), Fe(III), Cr(III) and Au(III) ions from their aqueous solutions.
Freundlich isotherm
The linear form of the Freundlich equation may be written as:
( 3) where K F is a constant related to the adsorption capacity and n is an empirical parameter related to the adsorption intensity. The Freundlich model is valid for heterogeneous surfaces and predicts an increase in the concentration of ionic species adsorbed onto the surface of the solid when the concentrations of certain species increase in the liquid phase. According to the values of the corresponding correlation coefficients, which ranged from 0.9730 to 0.9999 (see Table 2 ), the fit of this model was from good to excellent. The constants K F and n were calculated for all investigated ions and adsorbents and are presented in Table 2 . Higher values for K F indicate a higher adsorption affinity. In the study reported here, the values of n were all in the range from 1.2 to 2.3, indicating favourable adsorption onto the carbon adsorbents.
Dubinin-Radushkevich isotherm
The Dubinin-Radushkevich (D-R) isotherm provides an adsorption mechanism based on potential theory. The linear form of the D-R isotherm is expressed by the following equation: where Q e is the amount of metal ions adsorbed per unit mass of adsorbent (mg/g), Q m is the maximum adsorption capacity (mg/g), β is the adsorption energy constant (mol 2 /J 2 ) and β is the Polanyi potential described as:
where R is the gas constant [J/(mol K)] and T is the temperature (K). The mean adsorption energy, E (kJ/mol), can be calculated from the parameter β as follows:
Again, according to the values of the corresponding correlation coefficients (from 0.8052 to 0.9988, see Table 2 ), the fit of this model was also acceptable to good. The value of E is very useful in predicting the type of adsorption and providing information regarding the possibility of chemical and/or physical adsorption. A value less than 8 kJ/mol indicates that the adsorption process is physical in nature; however, if it is between 8 kJ/mol and 16 kJ/mol, this indicates that adsorption occurs via an ion-exchange process (Mishra and Patel 2009; Vassileva and Voikova 2009) . As shown in Table 2 , the values obtained in the present study were within the range 0.31-4.79 kJ/mol, indicating that the type of adsorption exhibited by all the investigated ions onto Ch, Ch-N and Ch-P was essentially physical in nature.
The different values of Q m derived from the Langmuir and D-R models may be attributed to the different definition for this quantity employed by the two models. In the Langmuir model, Q m represents the maximum adsorption of metal ions obtained as monolayer coverage; in contrast in the D-R model, Q m represents the maximum adsorption of metal ions onto the total specific micropore volume of the adsorbent. Hence, the value of Q m derived from the Langmuir model is higher than that derived from D-R model (Sari et al. 2007; Xu et al. 2008 ).
In the present study, the best fit was provided by the Freundlich model which gave correlation coefficients greater than 0.973 for the three systems studied. Thus, the Freundlich isotherm provided the most adequate description of the adsorption processes undergone by the investigated ions. However, it is important to point out that the mechanism of metal ion adsorption onto the activated carbons studied cannot be directly derived from the Langmuir, Freundlich or Dubinin-Radushkevich fittings. Nevertheless, from the data listed in Table 2 , it may be concluded that the adsorption isotherms of the investigated ions exhibited mainly Freundlich behaviour, thereby indicating heterogeneous surface binding. The result also confirms the existence of different types of possible adsorption sites on the carbon surfaces which exhibit considerable differences in energy, viz.. if the site is on an edge or is located on a defect position.
The Langmuir, Freundlich and Dubinin-Radushkevich parameters could not be calculated in the case of Au(III) ions, since the metal ion was virtually completely adsorbed and hence its equilibrium concentration was approximately zero. Hence, the static adsorption capacity of the various adsorbents towards the Au(III) ions was determined experimentally solely at an initial concentration of 600 mg/ᐉ and was found to be 48.86 mg/g for the initial adsorbent Ch, 51.23 mg/g for Ch-N and 53.48 mg/g for Ch-P.
Multi-component adsorption studies
From a practical point of view, most effluent solutions are likely to contain a range of metal ions rather than a single ionic type. Under such circumstances, it becomes essential to study not only single-component adsorption, but also the effects of the presence of co-cations on the adsorption capacity of an adsorbent towards a particular contaminant (Mohan and Chander 2001; Hanzlik et al. 2004; Prasad et al. 2008 ; Ghazy and El-Morsy 2009).
As discussed above, the removal efficiency of all the investigated adsorbents towards Au(III) ions was 100% for concentrations exceeding 300 mg/ᐉ, and was independent of pH over the initial concentration range studied. This information could be used to separate Au(III) ions from the other metal ions considered in strongly acidic media (pH < 1.5), where their individual adsorption extents varied from negligible (for Ch) to less than 45% (for Ch-N). Hence, to examine this assumption, multi-component adsorption studies were also undertaken.
For such studies, a model aqueous solution containing Au(III) ions and several transition metal ions [Cu(II), Mn(II), Cr(III), Ni(II) and Fe(III)] with initial concentrations of 10 mg/ᐉ each was prepared in order to study their competitive adsorption and the influence of the presence of the other ions on the removal of Au(III) ions. The results obtained are presented on Figure 4 . It is evident from the data that the presence of the transition metal ions had no effect on the complete removal of Au(III) ions from the aqueous solution. As expected, the best separation of Au(III) ions from the other transition metal ions was only obtained with the initial carbon Ch in strongly acidic media (pH ~ 1.5), where the individual adsorption extents of the other ions were negligible. Hence, it would appear that the adsorbent Ch could be used for the selective adsorption of Au(III) ions from aqueous solutions. 
CONCLUSIONS
The adsorption of Cu(II), Fe(III), Cr(III) and Au(III) ions from aqueous solutions onto activated carbon obtained from Bulgarian lignite (Chukurovo deposit) and two oxidized modifications of the same has been studied. A contact time of 2 h was sufficient to attain equilibrium with each of the adsorbents studied. The textural parameters of both oxidized modifications were changed slightly while the chemical nature of the surfaces of the investigated activated carbons was most strongly affected by modification with hydrogen peroxide. The influence of the pH value of their initial solutions on the adsorption of the investigated ions was studied, with the optimum pH range being found to be 4.5-6.0 except for the Fe(III) ion. Different metal ions were adsorbed to quite different extents at particular pH values, which could be useful in their further separation and pre-concentration. For the adsorbents investigated, their removal efficiencies towards Au(III) ions were almost 100%, exceeded 300 mg/ᐉ and were independent of pH over the range studied.
The experimental equilibrium adsorption data were modelled by fitting to the linear Langmuir, Freundlich and Dubinin-Radushkevich models. Of these models, the Freundlich isotherm provided the most adequate fit of the adsorption data. The highest adsorption capacity towards the metal ions investigated, other than Fe(III), was achieved with the Ch-P adsorbent. In all cases, the amounts of ions adsorbed increased in the order Cr(III) ≤ Cu(II) < Fe(III) << Au(III).
The presence of other transition metal ions [Cu(II), Mn(II), Cr(III), Ni(II) and Fe(III)] had no effect on the complete removal of Au(III) ions. The best separation of Au(III) ions from a multicomponent solution containing the above transition metal ions was achieved by the initial carbon Ch in strongly acidic media (pH ~ 1.5), where the individual adsorption extents of the other ions were negligible. For this reason, it is suggested that the adsorbent Ch could be used for the selective adsorption of Au(III) ions from aqueous solution, while the oxidized modification of this adsorbent (Ch-P) showed an enhanced adsorption efficiency towards transition metal ions.
